fluvial network was deeply carved, and in the topset region of the Messinian Falling Stage Systems Tract, where minor erosion occurred. Fluvial deposits are outstandingly preserved on the main valleys of the MES. Therefore, the steplike profile of the MES was not created during Zanclean inundation, but during the latest stages of the main Messinian sea-level fall and lowstand.
Introduction
At the end of the Miocene, the Mediterranean Sea became disconnected from the Atlantic Ocean due to the closing of the Gibraltar Strait in what is known as the Messinian Salinity Crisis (MSC) (Clauzon 1973 (Clauzon , 1978 Ryan 1976; Rizzini et al. 1978; Ryan and Cita 1978; Clauzon et al. 1996) . This unique event implied a sharp sea-level drop and rapid paleoenvironmental changes, inducing widespread erosion of the continental shelf and slope and regressive erosion at the mouth of the main Mediterranean rivers (Chumakov 1973; Clauzon 1973 Clauzon , 1978 Clauzon , 1982  Abstract The Messinian Salinity Crisis (MSC) resulted from a significant multi-phase drop and subsequent reflooding of the Mediterranean Sea from 5.96 to 5.33 Ma. Welldeveloped drainage networks, characterized by step-like profiles and abrasion platforms, are associated to this event. The Ebro Continental Margin (Western Mediterranean) presents an additional complexity since the capture of the drainage of the adjacent subaerial Ebro Basin took place sometime prior to the Messinian stage. Using 3D seismic reflection data, this work provides new insights into the origin of the step-like profile of the Messinian erosional surface (MES) and timing of the capture of the subaerial Ebro Basin. The results obtained indicate a sedimentary-active continental slope and delta progradation during MiddleLate Miocene, in a normal regressive context associated to a pre-Messinian proto-Ebro River. The mature development attained by the Messinian Ebro River network during the MSC corroborates that the capture of the Ebro Basin occurred prior to the MSC. The configuration of the clinoforms below the MES suggests that deltaic sediments of the Messinian Paleo-Ebro River deposited during the Tortonian and initial Messinian sea-level drawdown. The MES formed at the top of the Tortonian Highstand, where a 1 3 Druckman et al. 1995; Frey-Martinez et al. 2004; Maillard et al. 2006) .
Although the subsurface imaging of the Messinian erosional surface (MES) has provided profuse evidence of stepped morphologies and abrasion platforms (Barber 1981; Lofi et al. 2005; Bertoni and Cartwright 2006; Bache et al. 2009 Bache et al. , 2012 García-García et al. 2011; Urgeles et al. 2011) , the processes causing their development are not fully understood. Lofi et al. (2005) postulate that these morphological features have been produced during sea-level still-stands, while others argue for a formation during sea-level rise (Bache et al. 2009 (Bache et al. , 2012 , and even others show evidence of a genesis of these surfaces during falling sea level (Urgeles et al. 2011) . Some of these studies have been conducted in the Ebro Margin, which is subject to additional controversy on the timing and processes related to the capture of the adjacent subaerial Ebro Basin toward the Mediterranean Sea. Several studies [i.e., Riba et al. (1983) , Bartrina et al. (1992) and later Babault et al. (2006) ] postulate the hypothesis of the capture of the Ebro Basin by a small mountain stream during retrogressive erosion associated with sea level lowering related to the MSC. Later, Evans and Arche (2002) , Garcia-Castellanos et al. (2003) , Arche et al. (2010) and Urgeles et al. (2011) have provided evidence of a preMessinian connection between a proto-Ebro River and the Mediterranean Sea. The later hypothesis is supported by the enhanced sedimentation rates and deltaic progradations prior to the MES.
Understanding the controls on sedimentary processes during large basin desiccation and resulting massive resedimentation processes is not only significant to the Mediterranean basin and the MSC. There are several additional examples of ancient evaporite basins such as the Delaware Basin of West Texas or the Zechstein Basin of Europe (Kendall 1992) . Through the analysis of 3D seismic reflection data, this study attempts to contribute to (1) better understand the sedimentary processes and geomorphological evolution of the Ebro Margin during the Miocene, (2) constrain the genetic mechanisms and phases that led to the formation of the step-like profile described in the Ebro Margin and elsewhere in the Mediterranean during the MSC, (3) determine the stage and timing of the development of the prograding clinoforms below the MES in a stratigraphic context and (4) provide new insights into the timing of the connection between the Ebro Basin and the Mediterranean Sea.
Geological framework
The Ebro Margin is a passive continental margin formed as the western branch of the Valencia Trough (Fig. 1) between the Iberian Peninsula and the Balearic Promontory Roca and Guimerà (1992) , Vergés et al. (2002) ]. Yellow box shows location of 3D seismic survey. Background shaded relief image constructed from GEBCO (2008) and Mediamap Group et al. (2005) data (from Urgeles et al. 2011) (Doglioni et al. 1997; Gueguen et al. 1998) . Extension of the continental margin, associated with the eastward rollback of the west-directed Apennines-Maghrebide subduction front (Gueguen et al. 1998) , started in southern France during the Early Oligocene. During the Chattian-Aquitanian SW-directed rift propagation led to the formation of the Valencia Trough, an aborted rift associated to back-arc processes (Olivet 1996; Duggen et al. 2003) . Until the Middle Miocene, the Ebro Margin developed as an extensional fault domain with a NE-SW-trending horst-and-graben structure resulting from tectonic inversion of previous Paleocene reverse faults of the Catalan Coastal ranges (CCR) Roca et al. 1999) (Fig. 1) . These compressive structures formed associated to the Late Cretaceous-Early Oligocene collision of the Iberian and European plates (Guimerà 1984) . During the Early Miocene rifting, deposition was mainly controlled by the extensional fault system (Dañobeitia et al. 1990; Bartrina et al. 1992; Roca et al. 1999) .
The post-rift stage began in the Langhian with the attenuation of the tectonic activity. During this period, sediments overfilled the post-rift subsidence accommodation space and caused progradation of the shelf and slope (Nelson and Maldonado 1990; Bartrina et al. 1992; Roca et al. 1999; Kertznus and Kneller 2009) . As a consequence of reduced tectonic activity in combination with a large sediment supply from the Iberian Peninsula, the topography of the Ebro Margin became relatively even (Garcia-Sineriz et al. 1978) . Two major prograding megasequences characterize the post-rift architecture of the Ebro Margin. The first megasequence (Castellon Group) developed from Serravallian to Messinian with an original thickness of ~1,000 m (Soler et al. 1983; Lanaja 1987; Martínez del Olmo 1996; Evans and Arche 2002) .
Plio-Quaternary sedimentation is characterized by a thick prograding megasequence: the Ebro Group (GarciaSineriz et al. 1978; Soler et al. 1983; Clavell and Berastegui 1991; Bertoni and Cartwright 2005; Kertznus and Kneller 2009) . The large sediment supply from the Ebro River during deposition of this megasequence produced slope progradation and a wide continental shelf extending more than 70 km into the Valencia Trough (Dañobeitia et al. 1990; Amblas et al. 2006) (Figs. 1, 2) .
The two major post-rift megasequences in the Ebro Margin are separated by the Messinian unconformity. The combination of glacio-eustatic sea-level variations and uplift of the Gibraltar region during the Messinian resulted in isolation of the Mediterranean Basin from the Atlantic Ocean Clauzon et al. 1996; Krijgsman et al. 1999) . This triggered the MSC from 5.96 to 5.33 Ma Clauzon et al. 1996; Krijgsman et al. 1999; Garcia-Castellanos et al. 2009; Garcia-Castellanos and Villaseñor 2011) . The restricted connection of the basin in combination with a massive evaporation caused a dramatic sea-level drop estimated between 1,300 and 2,000 m (Ryan 1976; Blanc 2006; Maillard et al. 2006; Bache et al. 2009 ; Urgeles et al. 2011) , resulting in basin subaerial exposure, strong incision of the fluvial systems and creation of deep canyons (Clauzon 1973 (Clauzon , 1978 Druckman et al. 1995; Frey-Martinez et al. 2004; Maillard et al. 2006) . During the Early Pliocene, the tectonic subsidence of the Gibraltar Strait, probably in combination with sill erosion and global sea-level rise, caused a catastrophic and fast flooding of the Mediterranean Basin and the re-establishment of normal marine conditions (Garcia-Castellanos et al. 2009 ).
The Ebro Basin
The Ebro Basin (Fig. 1) is the largest Cenozoic foreland basin in the Iberian Peninsula. It results from the tectonic collision of the Iberian and European plates during the Early Paleocene, which controlled the development of the orogenic ranges surrounding the basin: the Pyrenees to the north, the Iberian Ranges to the south and the CCR to the east (Plaziat 1981; Costa et al. 2010) . Uplift of the Pyrenees in the Late Eocene isolated the Ebro Basin from the Atlantic Ocean and established a large endorheic basin. Timing of the new aperture of the basin toward the Mediterranean Sea is still subject of debate. Two major hypotheses have been postulated: (1) The capture of the Ebro Basin associated with the MSC when the sea-level fall caused backward erosion of Mediterranean rivers (Riba et al. 1983; Bartrina et al. 1992; Babault et al. 2006) ; (2) A pre-Messinian capture of the Ebro Basin by a proto-Ebro River in the Serravallian-Tortonian (~13-8.5 Ma) (Evans and Arche 2002; Garcia-Castellanos et al. 2003; Arche et al. 2010; Urgeles et al. 2011) .
Since capture, the Ebro fluvial system has evolved producing significant erosion of the Tertiary sediments. Quaternary sedimentary products are mainly fluvial stepped terraces and pediment levels covering one-third of the Tertiary sediments (Gutierrez-Elorza and Peña Monne 1989).
Dataset and methodology
The dataset used in this work consists of a 3D seismic survey covering 2,500 km 2 of the Ebro continental shelf and upper slope and geophysical logs collected along the FORNAX-1 well (Fig. 2) . Seismic data were acquired by Petroleum Geo Services (PGS) and processed by Veritas DGC Ltd on behalf of BG Group in 2002. The FORNAX-1 drilling was conducted by BG Gas International BV Ltd in 2005. Orientation of 3D seismic data acquisition lines is parallel to the margin strike. Inline sections are 62-km-long lines, while crossline sections are 47 km long. The latter are almost perpendicular to the margin strike. The seismic data are SEG normal polarity (i.e., an increase in impedance is a positive amplitude, displayed in black color on the seismic sections shown in this paper) and were preprocessed on board by PGS.
In house processing by Veritas DGC Ltd included Radon Demultiple with 200-ms AGC wrap and a Zero Phase conversion filter. Fold normalization "FLOOD" was applied as intelligent XY's interpolation in order to fill gaps in the acquisition coverage. A full non-hyperbolic prestack time migration was run combining NMO, DMO and zero offset migration in a single operation. Also FXY deconvolution was applied to 3D stacked data. The final seismic cube, covering a surface of 47 × 63 km, resulted in a grid with 12.5 × 12.5 m bin size and a 4-ms sampling interval.
Seismic units have been defined based on reflector terminations and seismic facies configuration (Figs. 3, 4) . The reflectors bounding the seismic units have been interpreted using SMT Kingdom Suite 8.3 software using a combination of 2D manual picks and automatic amplitude 2D and 3D tracking. Finally, time-structure grids were generated for each target horizon to define the three-dimensional morphology of the surface.
To assist the paleomorphology and facies distribution interpretation, three post-stack time-derived attributes were used: Isochore, minimum amplitude and, average energy. Isochore maps were obtained from the two-way travel time (TWT) difference between pairs of horizons, providing information on variation of volume within a stratigraphic unit. Minimum amplitude maps were calculated from a 100-ms TWT window centered on each horizon, returning the maximum negative number corresponding to the negative peak of the wavelet. Amplitude maps provided insights into geological features that are isolated from background features by amplitude response. The average energy attribute was computed for intervals between two horizons, providing a measure of the reflection strength related to changes in lithology within these two horizons.
Results
The seismic stratigraphy of the Ebro Margin is dominated by two major megasequences separated by a well-defined erosional unconformity, the MES (Frey-Martinez et al. 2004; Bertoni and Cartwright 2005; Kertznus and Kneller 2009; Urgeles et al. 2011) (Figs. 3, 4) . The stratigraphic interval of study involves the lower megasequence, which extends from the early post-rift deposits (about 16-20 Ma, Early Miocene) (Bartrina et al. 1992; Roca and Guimerà 1992; Maillard and Mauffret 1999; Roca et al. 1999 ) to the MES (5.33 Ma; Late Miocene) (Ryan 1976; Lanaja 1987; Escutia and Maldonado 1992; Frey-Martinez et al. 2004; Maillard et al. 2006; Bache et al. 2009 ). This Miocene depositional megasequence corresponds to the Castellon 1 3
and Alcanar Groups as identified from well data by Lanaja (1987) . Inside the 3D seismic cube, the interval of interest is enclosed between 1.22-and 3.49-s TWT (Figs. 3, 4) , with a maximum thickness of 1.1-s TWT.
In order to understand the Miocene depositional patterns, it is first important to know the basement geomorphology and its structural pattern, which will initially govern the loci of deposition. In the study area, this basement (Lanaja 1987) . In general, the basement structural pattern is characterized by a series of NE-SW-trending offshore dipping faults. The basement geomorphology is, however, characterized by E-W-trending high and corresponding depressions to either side, resulting in elevation differences of around 0.4 s (TWT) (Fig. 5) . The main array of NE-SW-trending normal faults, parallel to the present-day coastline, does not generally cut through the upper Miocene megasequence. The faults are ~2-18 km long, most commonly dip to the SE and show a maximum fault slip of ~0.12 s (TWT). A chaotic syn-rift depositional sedimentary package is often associated to the major faults. A secondary array of less numerous normal faults is observed in the northern corner of the study area with a general E-W orientation. These faults have a maximum fault slip of ~0.18 s (TWT) and seem to have a remarkable control on the large-scale morphology of the basement.
Miocene seismic geomorphology
Two units have been identified within the Miocene megasequence ( 
Top of syn-rift sedimentation unconformity
The top of syn-rift sedimentation unconformity (TSU) truncates the reflectors and chaotic facies belonging to the Early Miocene syn-rift seismic unit and occasionally the low-amplitude seismic boundary recognized as the Mesozoic/Paleozoic basement. It is characterized across the entire survey by a high-amplitude reflector gently dipping southeastward (Figs. 3, 4) . This surface shows a major NE-SW-oriented ridge and trough fabric inherited from the series of horst-and-grabens (Fig. 5) that were formed as a consequence of the main rifting phase affecting the Mesozoic/Paleozoic basement during the Oligocene (Dañobeitia et al. 1990; Escutia and Maldonado 1992) and later erosion. Normal faults delimiting the blocks have an ENE-WSW orientation, which coincides with earlier interpretation of the structural fabric in the area .
Top of the Middle Miocene Unit
The TMMU displays quasi-planar parallel reflections with good lateral continuity (Figs. 3, 4) . The reflections often terminate as onlap on elevations of the syn-rift substratum. Morphology reflects the horst-and-graben structure of the lower basement, attenuating depressions within the TSU (Fig. 5) . The bowl-shaped depressions that occur within the grabens largely result from compaction due to the thick overburden (Fig. 3) , as there is little faulting affecting the TMMU.
Clinoforms within the Late Miocene Unit
In general terms, the six digitized intra-Miocene reference surfaces (PreMES-A to PreMES-F) are characterized by simple sigmoidal clinoforms exhibiting a mainly progradational geometry (Figs. 3, 4) . The time-structural maps (Fig. 5) show that all intra-Miocene progradations display a clear southeastward dip direction, with the clinoforms progressively spreading south and basinward (Fig. 5) and downlapping on the TMMU at increasing offshore distance (Figs. 3, 4) . Similarly to the TMMU, reflectors display a bowl-shaped morphology that most probably results from post-depositional compaction (Fig. 4) .
Several topsets of the clinoforms are truncated by the MES due to the incision of the valley and complex dendritic network of tributaries identified by Urgeles et al. (2011) as the Paleo-Ebro River (Fig. 7) . Despite this the characteristic topset, foreset and bottomset geomorphologies of clinoforms can still be clearly recognized (Fig. 6) . The topset strata consist of parallel, continuous, horizontal and high-amplitude reflections (Fig. 3) . The position of the slope-break for the reference surfaces was mapped in those areas not affected by erosion, displaying a continuous basinward shift (see Table 1 ; Fig. 8 ). (Sets 1 and 2 ). B1 to B7 corresponds to Subunits B1 to B7. Red box in seismic section shows detail of upper subunits (possibly Messinian in age) onlapping over lower subunits (pre-Messinian) Average energy maps show distinct regions that are organized roughly parallel to the present-day margin strike (Fig. 9) . The most proximal region, with higher average energy (red colors) is located between the present-day coastline and the position of the sigmoids offlap-break. The second region is bounded by the offlapbreak and extends basinward to the SE limit of the survey area. Here, the average energy maps display a banded pattern perpendicular to the offlap-break with alternating medium (lighter colors) and low energy values (Fig. 9) . The lowest energy values occur along linear SE dipping depressions. These along-dip energy variations probably correspond to submarine channels and sediment pathways on a slope system. Channels are sometimes grouped in a dendritic pattern with tributaries of maximum 2 orders. The number of channels decreases offshore while their width tends to increase slightly. The temporal trend indicates an increase in the width and depth of the channels with respect to the previously described surfaces, particularly in the head region. A similar trend also develops in the Pliocene-Pleistocene megasequence (Kertznus and Kneller 2009) . 
Messinian Erosional Surface
The MES constitutes the top of the studied seismic interval and is recognized all along the survey area as a major and relatively complex unconformity (Fig. 7) . This erosional surface has been mapped by Kertznus and Kneller (2009) and Urgeles et al. (2011) and is described in detail by the latter study. Numerous wells in the Ebro Margin confirmed that the deeply incised erosional surface corresponds to the MES (Lanaja 1987) . The time-structural map (Fig. 7) shows the surface structured both in the NW-SE and NE-SW directions. Perpendicular to the shoreline, a clear, major NW-SE-oriented valley can be recognized intersecting two topographic highs (red colors in Fig. 7 ). This valley is characterized by a complex dendritic and laterally highly variable geometry, with tributaries of at least 5 different orders that carved about 1300 m in the Miocene succession (Urgeles et al. 2011) . The minimum amplitude map in Fig. 8 reveals in more detail the complex dendritic system of canyons and channels. The valley is characterized by low minimum amplitude values (lighter colors), with a cross section showing a stepped profile reminiscent of terraces and a major axial channel with well-developed meanders. The main Messinian valley cuts the deepest incision in the topsets and continues basinward incising the foreset to a lesser extent (Figs. 6, 7) .
Combination of the minimum amplitude map and the time-structural map (Figs. 5, 8 ) allows defining three major morphological regions with a general NE-SW trend (Fig. 6) . These regions are bounded by two regional slopebreaks located about 49.5 and 70 km seaward from the present-day coastline. From proximal to distal areas, the MES morphology displays a rough (Region I), a smooth (Region II) and a steep region (Region III) (Fig. 6) , as was previously reported by Urgeles et al. (2011) , and similar to that reported by Lofi et al. (2005) in the Gulf of Lions.
• Region I: It is the most proximal region (Fig. 6 ) and the one that presents the lowest negative-amplitude values (Fig. 8) . The high soft reflection corresponds to a rough relief sculpted by an intricate drainage network (Fig. 7) , with most of the identified streams coalescing in the main valley. Most of these streams and valleys display the lowest minimum amplitudes (lighter colors). It has been proposed that the major contribution to the rough Messinian relief in this region results from subaerial erosional processes, which gave rise to a morphology defined by some authors as suggestive of "badlands topography" (Stampfli and Hocker 1989; Frey-Martinez et al. 2004 ).
• Region II: It is the area bounded by the two identified slope-breaks (Fig. 6 ). It presents a relative low and smooth relief dipping gently to the SE (Fig. 7) . The transition between the proximal rough, badland-type relief (Region I) and the distal smooth surface (Region II) occurs at consistent depths on the seismic profiles throughout the entire survey area, ranging from 1.4 to 1.7 s TWT (Fig. 6 ). Similar morphologies associated with the MSC have been reported along the Mediterranean Basin at coincident depths/time intervals (Bache et al. 2009; ). The minimum amplitude map (Fig. 8 ) reveals several minor drainage systems originating along the major and most proximal slopebreak. Most streams have a branched head, merging downslope into a single axis along the Region II and, in some instances, branch again at the most distal slopebreak, where they all fade-out.
• Region III: The time-structural map (Fig. 7) suggests a third region in the southwestern most distal fringe of the 3D seismic survey. This region dips smoothly basinward with crosslines displaying paracomformable reflectors and almost no evidences of erosive features (Fig. 3 ).
Miocene units: isochore maps and internal structure
The reference horizons described above define eight depositional units within the study interval (Figs. 6, 10) . The earliest post-rift unit, MMU (Fig. 6) , is comprised between the TSU and the TMMU, with a maximum thickness of 0.48-s TWT. The unit displays subparallel acoustic facies that pond in the troughs and pinch out by onlapping the structural highs (Figs. 3, 4) . This depositional pattern is controlled by the horst-and-graben topography of the TSU, with infill of the main depressions (Figs. 6, 10 ). The isochore maps (Fig. 10 ) of the various subunits within the LMU display a clear change in depositional regime in comparison with the TMU, with two sets of prograding clinoforms (Fig. 6 ). The first set (subunits B-1 to B-3; Figs. 6, 10) has a maximum thickness of 0.61-s TWT and starts with depocentres located on the northern part of the survey area. Sediment distribution within this first set is still partly controlled by the basement horst-and-graben structure. Subunit B-1 shows a lobate geometry close to the present-day Ebro River mouth. The following subunits are more sigmoidal and show continuous and laterally persistent reflectors, resulting in subparallel acoustic facies associated with well-developed toplap geometries. The reflections within the foreset region are more transparent and exhibit an undulating geometry (Figs. 3, 4) . Migration of depocentres between subunits B-1 and B-3 occurs first basinward and then southward (Fig. 10) . This shift in depocentres suggests an along-shore sediment transport with infill taking place from N to S-SE in the survey area.
The second set of clinoforms (subunits B-4 to B-7; Fig. 10 ) is partially truncated by the MES (particularly its topset region; Fig. 7 ), so the maximum thickness displayed (0.69 s TWT) does not correspond to its original thickness. With subunit B-4, the depocentre moves back to the north (Fig. 10) , closer to the present-day Ebro River mouth, and in the area encompassing the course of the Messinian Ebro River. The maximum thickness occurs on both sides of the erosion related to the Messinian Ebro River (Fig. 10) , just at the foot of the boundary between Regions I and II on the MES. Subsequently, subunits B-5 to B-7 migrate southward and basinward (Fig. 10) , in the same way as that observed for the first set. In the foreset region, these subunits display undulating geometries in inline sections (Figs. 3, 4) and a banded pattern in the energy map (Fig. 9) . They are possibly related to channellevee systems and other sediment pathways. Evolution of depocentres indicates a prevailing progradation and shorelongitudinal sediment transport as observed in the first set of clinoforms.
Data collected from FORNAX-1 well (see Fig. 2 for location) identified this unit as part of the prograding megasequence defined from industry well data as the Castellon Group (Lanaja 1987) . Two lithostratigraphic formations dated from late Serravallian to Tortonian are distinguished: a) the lower formation mainly comprises gray-brown clays interbedded with sandstones layers and interpreted as the Castellon Shales formation; and b) the upper formation including brown-gray sandstones with lime-traces representing the non-eroded part of the Castellon Sands. The top of this megasequence shows hard rock cuttings with as much as 20 % sand and oxidation colors indicating subaerial exposure.
Discussion

Miocene depositional settings
Early Miocene sedimentation in the Ebro Margin is dominated by the final stage of the syn-rift phase affecting the Valencia Trough during the Late Oligocene-Aquitanian (Roca et al. 1999) . As a consequence of the strong extensional tectonic context, a major NE-SW-oriented horstand-graben structure developed (Fig. 5) . This Early Miocene topography was smoothed by syn-rift sedimentation until the latter Burdigalian-Langhian (Clavell and Berastegui 1991; Roca et al. 1999; Arche et al. 2010 ). The TSU (Figs. 3, 4 ) marks the end of the rift stage.
The Miocene early post-rift sedimentation (here represented by the MMU) is still strongly controlled by the topography inherited from the rifting phase. The depocentres are located in the troughs and the subhorizontal unit onlaps on the pre-Cenozoic highs, smoothing the relief (Figs. 6, 10) . The age established for this unit from the FORNAX-1 well, Middle Miocene (Langhian-Serravallian), corresponds to the Alcanar Formation and the Cambrils Group defined by Clavell and Berastegui (1991) and described in previous works along the Tarragona offshore area by Bartrina et al. (1992) and in the Central Catalan Margin by Clavell and Berastegui (1991) and Roca et al. (1999) . Data from the FORNAX-1 well (see Fig. 2 for location) describe shallow marine deposits composed of limestone with skeletal fragments of marine organisms (echinoids, corals and foraminifera) at its base evolving into anoxic platform black shales interbedded with sandstones.
From late Serravallian (subunit B-1), the location of depocentres evolved from fully controlled by the previous rift structure, to a deposition associated with a progradational shelf-slope complex (Figs. 6, 11) . The basinward migration of the slope-break is reflected in the increased topset surface (Fig. 9 ) and the shift of the rollover point of the clinoforms (Table 1; Fig. 8 ), progressively moving from 38.5 km in subunit B-1 to 48 km in subunit B-6, with respect to the present coastline. The prograding character of the subunits is consistent with the deltaic system named in the literature as Castellon Group (Soler et al. 1983; Lanaja 1987; Johns et al. 1989; Clavell and Berastegui 1991; Bartrina et al. 1992) . Within the FORNAX-1 well (and many others in the study area; see Lanaja 1987) , two lithostratigraphic formations are distinguished: (a) the lower formation mainly composed by gray-brown clays locally interbedded with sandstones and interpreted as the Castellon Shales formation; and (b) the upper formation, including brown-gray sandstones, representing the non-eroded part of the Castellon Sands formation. Martínez del Olmo (1996) interprets the Castellon Sands as the proximal part of the system and the Castellon Clays as the distal prograding part. The top of this megasequence shows hard rock cuttings with as much as 20 % sand and rubefaction indicating subaerial exposure.
Isochore maps of the LMU (Fig. 10) show sedimentation migrating from the northern sector of the study area, near the present mouth of the Ebro River, to the south and basinward (from subunit B-1 to B-3). A similar sedimentary trend is observed from subunit B-4 to B-7, with depocentres moving back northward and then migrating south as with the previous three units (Figs. 6, 10) , indicating a major avulsion, a change in sediment supply and/or basin base level change. The sedimentary depocentre migration pattern is consistent with the present-day sediment dispersal pattern (Palanques et al. 2002) , and also with that of the Pliocene-Pleistocene megasequence reported by Kertznus and Kneller (2009) . These results indicate that during the Late Miocene, similar sediment source and ocean circulation pattern had already been established, and that both have remained stable in this part of the margin from late Serravallian (age of subunit B-1) until present. (Figs. 7, 11) . Backstripping of the Messinian paleo-shoreline in the study area indicates that sea level dropped by approximately 1,300 m (Urgeles et al. 2011) . The main feature resulting from sea-level drawdown in the Messinian Ebro Margin is a major fluvial valley, dissecting the Messinian paleo-relief perpendicularly to the present coastline (Figs. 7, 11 ). The length, drainage pattern and channel characteristics are comparable with the valleys carved by the large onshore Mediterranean rivers during the MSC (Rizzini et al. 1978; Barber 1981; Clauzon 1982) . In agreement with Urgeles et al. (2011) , these characteristics, together with the low gradient of the channel long-profile and its overall arrangement, extending from a similar position to the present Ebro River, strongly suggest that this valley corresponds to the Messinian Ebro River valley.
Other features indicative of subaerial exposure include the dendritic character of the MES drainage network and the meandering channels as displayed in Messinian amplitude and time/structure maps (Figs. 7, 11) . Rubefaction of the top of the Castellon Group, on the FORNAX-1 well (see Fig. 2 for location) , as it occurs with several other wells in the area (Lanaja 1987) , agrees with the hypothesis 1 3 of subaerial conditions. Cementation of the sands probably shows evidence for pedogenetic processes and is most likely responsible for the characteristic negative highamplitude reflection associated with the MES along large portions of the survey area.
Subaerial exposure is also probably responsible for the stepped character of the Messinian Ebro Margin (Figs. 6, 11) . Analogue profiles to those displayed in Regions I to III have been described in the Nile Delta (Barber 1981) , the Gulf of Lions (Lofi et al. 2005; Bache et al. 2009 ), the Levant Margin (Bertoni and Cartwright 2006) and the Catalan margin Urgeles et al. 2011) . In many of these areas, the boundary between Regions I (rough) and II (smooth) (Fig. 6 ) is located at a similar depth of ~1.7-s TWT (Bache et al. 2009; Urgeles et al. 2011) . Some of these authors have referred to this surface morphology as evocative of "badlands topography", with a sea cliff and a marine abrasion platform (Figs. 6, 11) , offering different mechanisms of formation in terms of sealevel changes: rise (Bache et al. 2009 (Bache et al. , 2012 , fall (Bertoni and Cartwright 2006) or still-stand (Lofi et al. 2005) . Bache et al. (2009 Bache et al. ( , 2012 and propose a two-step reflooding model where the boundary between Regions I and II (Figs. 6, 7) represents the paleo-shoreline developed between both stages. According to these authors, a first step of relative slow sea-level rise shaped the equivalent of Region II as a transgressive smooth surface resulting from wave erosion. Later, a very rapid second step of the reflooding allowed the preservation of the paleo-shoreline and the rough paleorelief in Region I that resulted from subaerial erosion during drawdown. However, the minimum amplitude map (Fig. 8) displays remarkably well-preserved fluvial deposits including the Paleo-Ebro River, suggesting that if this paleo-shoreline would be generated during a first slow phase of sea-level rise [as suggested by Bache et al. (2009 Bache et al. ( , 2012 or ], subsequent erosion would have altered or destroyed these fluvial features. The good preservation of fluvial systems observed in Region II (Figs. 7, 9 ) rather suggests one single stage of rapid flooding [as suggested by GarciaCastellanos et al. (2009)] , preventing the development of a platform such as that of Region II during a transgressive event (Fig. 6) .
In order to correctly explain this particular stepped Messinian profile, the lower negative-amplitude distribution map (Fig. 8) of the MES (indicative of sedimentary facies and processes) and the underlying sedimentary record should be taken also into account. Occurrence of progradations below the MES with topsets that sometimes onlap previous clinoforms (particularly in subunit B-7; see detail in Fig. 6 ) or are partially truncated by the MES (youngest clinoforms in subunit B-6; Fig. 7 ) suggests that the youngest clinoforms (subunits B-6 to B-7), particularly in Region II, result from the Messinian regression, rapid erosion of the Castellon sandstones in Region I, basinward deposition while sea level continued to descend (mainly subunit B-6), and continued sedimentation during lowstand (subunit B-7) (Fig. 11) . The relatively higher amplitude of the foresets below Region II (Fig. 8 ) compared to Region I also suggests a higher sand-rich component and a more proximal environment influenced by weaker erosion processes (compared to Region I).
The deposition of these youngest clinoforms during the Messinian drawdown also implies that the amount of erosion in Region II is much smaller than it should be expected if all the progradations where pre-Messinian, as there was little deposition in the topset region (due to decreasing accommodation space). Conversely, this helps balance volumes between eroded material and detrital products, as it had been previously observed for the Languedoc-Roussillon margin where budgets did not balance well (Lofi et al. 2005; Bache et al. 2009 ). It is difficult identifying the initiation of Messinian progradations within subunit B-6 as they also downlap on Miocene strata of the Castellon Group (Serravallian-Tortonian) and the topsets (and landward onlap) are eroded to a large extent (Figs. 6, 10) . Therefore, there are little sequential criteria to determine this boundary. Evidences suggest that in Region II, the MES was formed by combined erosion during sea-level drawdown of the previous highstand (Region I), and deposition of a relatively little eroded Falling Stage and Lowstand Systems Tracts (Fig. 11 ). The stepped profile could then have been formed in one single stage as sea-level drawdown rate gradually decreased due to evaporation being compensated by Mediterranean rivers runoff.
Timing of capture of the Ebro Basin
The timing and processes leading to the opening of the Ebro Basin (Fig. 1) toward the Mediterranean Sea are still under discussion. For a considerable time, the explanation offered by Riba et al. (1983) and subsequently supported by Bartrina et al. (1992) and Babault et al. (2006) was widely accepted. Riba et al. (1983) proposed that capture of the Ebro Basin by a small stream cutting by backward erosion the CCR took place during the Messinian sea-level drop. Evans and Arche (2002) questioned this interpretation and pointed out the presence of a thick succession of siliciclastic sediments of pre-Messinian age with deltaic, shelf and bathyal characteristics.
The Miocene megasequence analyzed in this work provides some additional evidences regarding the onset of drainage of the Ebro Basin into the Mediterranean Sea. As previously described, early progradational sediments are concentrated in the northern part of the study area (subunit B-1; Fig. 10 ), thus indicating a point-source supplying sediments from the coast as early as the late Serravallian. The position of this depocentre coincides with the current location of the Ebro River mouth. Also, the lower Late Miocene deposits display a semi-lobular morphology as observed from isochore maps (Fig. 10) , suggesting a delta-like morphology of which only the southern half is observed. Assuming that subunit B-1 is early Serravallian and subunits B-6 to B-7 are Messinian, the rate of margin progradation (taking as a reference the position of the shelf-break) (Fig. 3) , it is only slightly lower for the Miocene Ebro Margin compared to the Pliocene and Pleistocene margin. These data support the presence of a pre-Messinian protoEbro River. This figure does not take into account (1) the fact that subunit B-1 could be younger; (2) that additional clinoforms exist in between the survey area and the coast, amounting to about ~30 km of additional progradation; (3) that the younger clinoforms are highly eroded by the MES, and therefore, there could be younger shelf-breaks that have been completely eroded; and (4) that the basin catchment area has largely increased from the time of the initial capture, therefore increasing sediment yield with time. Miocene progradation rates could therefore double those in Fig. 10 .
The pre-Messinian units display depocentres moving both basinward and southward (Fig. 10) , similar to the growth pattern of the Pliocene-Pleistocene delta system (Bartrina et al. 1992; Roca et al. 2001; Kertznus and Kneller 2009) . As already stated, the latest clinoforms have been interpreted to be Messinian, as the most distal part of the survey displays para-conformable reflectors with those of the Pliocene-Pleistocene megasequence (Fig. 6) . However, the volume of potential Messinian sediments compared to previous Miocene sequences is relatively small indicating that the Mediterranean outlet of the Ebro River must have been well established prior to Messinian times.
Results obtained in earlier studies (Evans and Arche 2002; Garcia-Castellanos et al. 2003; Arche et al. 2010; Urgeles et al. 2011 ) agree with the hypothesis of a preMessinian connection between the Ebro Basin and the Mediterranean Sea. Using numerical modeling, GarciaCastellanos et al. (2003) showed that the volume of postMessinian sediments delivered by the Ebro River is considerably smaller than the estimated volume of sediments that could have been eroded from the Ebro Basin and surrounding mountain ranges during the available time proposed by Bartrina et al. (1992) and Babault et al. (2006) . The volume of sediment and considerable progradation identified in this work as the Miocene prograding megasequence would represent the marine sedimentary accumulation that resulted from breaching of the CCR and subsequent release of sediments from the Ebro Basin by a proto-Ebro fluvial network.
The Messinian event temporarily truncated the evolution of the Ebro Margin in the Late Miocene (Fig. 7) , deeply cutting into the underlying pre-Messinian highstand clinoform package. Urgeles et al. (2011) already remarked the presence of a major valley dissecting the MES from NE to SW with some fifth/forth-order tributaries and meandering thalweg with a sinuosity about 1.3 that they attributed to the Messinian Ebro River (Figs. 7, 8) . Arche et al. (2010) and Urgeles et al. (2011) point out that, assuming a medium rate of incision for a small steep Miocene mountain river, it would have been difficult for a proto-Ebro River to have enough time to cut across a mountain range and to attain equilibrium conditions during an event as short as the MSC. Since the aperture was not a catastrophic event, the maximum efficiency of an incision of this type was probably reached long after the initial breaching took place (Kooi and Beaumont 1996) , suggesting that the capture of the Ebro Basin had to occur prior to the Messinian drawdown.
Capture of the endorheic basin by a small mountain river was probably reinforced by one or more of the following large-scale processes: (1) tectonic changes such as faulting, folding and tilting of the CCR (Evans and Arche 2002; Garcia-Castellanos et al. 2003; Arche et al. 2010) ; (2) sediment overfill of the lake (Riba et al. 1983; Serrat 1992; GarciaCastellanos et al. 2003) ; and (3) lake-level rise related to a long-term climatic change to wetter conditions (Riba et al. 1983; Garcia-Castellanos et al. 2003; Arche et al. 2010) .
Conclusions
Analysis of 3D seismic data allows determining Miocene sedimentary evolution of the Ebro Margin, from which the following conclusions can be drawn:
1. The NE-SW-oriented horst-and-graben structure of the Ebro Margin controlled the initial depositional patterns of the Miocene megasequence, with sediment deposition occurring predominantly in the graben troughs. Early Miocene sedimentation was slightly affected by fault activity, suggesting waning rifting activity until, at least, Burdigalian-Langhian times. During the Middle Miocene, post-rift sedimentation was clearly controlled by the horst-and-graben basement structure, with depocentres filling the grabens and onlapping on the TSU, resulting in a smoothing of the rift topography. 2. From late Serravallian to Tortonian, a prograding depositional sequence entailed the basinward migration of the shoreline, with depocentres placed in the northeastern sector of the study area and indicating the presence of a point source close to the present-day Ebro River mouth. Depocentre migration is from N to S-SE, following a similar sediment dispersal pattern to that of the Pliocene-Pleistocene and Present Ebro Margin. The lobate morphology of the sedimentary bodies containing the prograding clinoforms implies a wedge of deltaic, shallow shelf and slope sediments, suggesting deposition in a normal regressive context. 3. Sedimentation during the Late Miocene displays proximal onlap on previous clinoforms and distal paraconformity with underlying and overlying sequences. Depocentres display a clear relationship with location of the Messinian Ebro River. This suggests that the youngest progradations in the Miocene megasequence are Messinian in age. 4. The erosional surface left by the MSC has a particular flat-steep-flat-steep profile that cannot be explained correctly without having into account the detailed amplitude distribution (indicative of sedimentary facies and processes) and the underlying sedimentary record. Occurrence of suspected Messinian progradations below the MES suggests that this surface is the top of a relatively little eroded Falling Stage and Lowstand Systems Tracts (Region II), which lies at the foot of the highly eroded preceding highstand (Region I). One stage of gradually decreasing sea-level drawdown rate could be enough to generate such stepped profile. Full preservation of the Messinian Ebro River suggests that the step-like profile was created during Messinian desiccation and not during Zanclean inundation, as erosion in the latter case would have destroyed the wellpreserved fluvial deposits. 5. Progradation of the late Serravallian-Tortonian margin is slightly smaller than that of the Plio-Pleistocene, but still larger than present-day progradation north and south of the Ebro Margin, and suggests that the sedimentary input was already large in Miocene times.
The width of the major valley, here identified as the Messinian Ebro River, the sinuosity of its drainage system and the low gradient of the long-profile, suggests that a relative small river would not have enough time to reach equilibrium conditions if the capture of the Ebro Basin had not occurred prior to the MSC.
